Abstract Histone deacetylase inhibitors (HDACi) have been proposed as therapies for certain cancers and as an antireservoir therapy for HIV+ individuals with highly active anti-retroviral therapy, yet their roles in glial inflammatory and innate antiviral gene expression have not been defined. In this study, we examined the effects of two non-selective HDACi, trichostatin A and valproic acid, on antiviral and cytokine gene expression in primary human microglia and astrocytes stimulated with TLR3 or TLR4 ligand. HDACi potently suppressed the expression of innate antiviral molecules such as IFNβ, interferon-simulated genes, and proteins involved in TLR3/TLR4 signaling. HDACi also suppressed microglial and astrocytic cytokine and chemokine gene expression, but with different effects on different groups of cytokines. These results have important implications for the clinical use of HDACi.
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Introduction
In the central nervous system (CNS), astrocytes and microglia constitute important modulators of immune and inflammatory reactions, participating in both innate and acquired immune responses. Astrocytes and microglia express a number of tolllike-receptor (TLR) family member proteins, such as TLR3 and TLR4 (Carpentier et al. 2008; Rivieccio et al. 2006; Suh et al. 2007; Suh et al. 2009b) . Ligand binding to TLR receptors activates specific sets of transcription factors that lead to the production of secretory inflammatory mediators and antimicrobial factors (Akira et al. 2006; Hiscott et al. 2006; Suh et al. 2009a ). For example, TLR3 and TLR4 signal through an adaptor called toll/interleukin-1 receptor domain-containing adaptor protein inducing IFNβ (TRIF), which then activates the transcription factor IFN regulatory factor 3 (IRF3). IRF3 in turn activates the IFNβ gene, which then sets off the secondary wave of interferon-stimulated gene (ISG) production through induction of additional transcription factors such as IRF7. Astrocytes or microglia stimulated with synthetic dsRNA polyinosinic-polycytidylic
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acid (PIC; TLR3 ligand) or microglia activated with lipopolysaccharide (LPS; TLR4 ligand) show induction of many ISGs as well as cytokine and chemokine genes. TLR3/ 4 activation in glial cells also leads to induction of antiviral activity against intracellular pathogens such as HIV and HCMV in an IRF3-and IFNβ-dependent manner. Acetylation of various histones has emerged as an important posttranslational modification involved in regulation of gene expression or silencing (Dokmanovic and Marks 2005; Minucci and Pelicci 2006; Monneret 2005) . Histone acetylation is regulated by histone acetyl transferases (HATs) and histone deacetylases (HDACs). In general, HATs induce gene transcription, whereas HDACs suppress transcription. The human class I HDACs (nuclear localized proteins of 22-55 kDa) include HDAC 1, 2, 3, and 8, and class II HDACs (nuclear and cytosolic localized proteins of 120-135 kDa) include HDAC 4, 5, 6, and 9. The class III HDACs are SIRT 1-7, the human homologues of mouse sirt 2, and do not have histone deacetylase activity. Most non-selective HDAC inhibitors (HDACi) such as trichostatin A (TSA) or suberoylanilide hydroxamic acid (SAHA) inhibit all class I and class II HDACs but not class III HDACs. Owing to the general activities of HDACi on tumor cells (inhibition of growth and differentiation, and promotion of apoptosis), many are being developed as anticancer therapies (Dokmanovic and Marks 2005; Marks and Xu 2009; Minucci and Pelicci 2006; Monneret 2005) . For example, SAHA is now approved for treatment of cutaneous lymphomas (Marks 2007) . Additional areas in which HDACi are being investigated include "HIV anti-reservoir" therapy. For example, valproic acid (VA) has been promoted as an adjunct therapy for viral eradication in HIV-infected individuals receiving highly active anti-retroviral therapy (HAART) (Archin et al. 2009; Lehrman et al. 2005) . Since HIV can hide in the host cell in a latent form (reservoirs) in individuals with HAART, HDACi can induce transcription of the virus rendering them once again susceptible to antiviral therapy.
Although initially defined as enzymes facilitating deacetylation of histones, more recent studies have indicated that HDACs also deacetylate non-histone proteins, and that they act to both enhance and inhibit gene transcription. For example, histone deacetylase activity is required for STAT1 and STAT5 signaling (Klampfer et al. 2004; Rascle et al. 2003) and TSA, SAHA, and VA suppress type I IFN-stimulated antiviral gene expression in several different systems (Chang et al. 2004; Genin et al. 2003; Nusinzon and Horvath 2003; Sakamoto et al. 2004; Vlasakova et al. 2007) . In contrast to their consistent inhibitory activities on the innate antiviral immune response, the effects of HDACi on inflammation and cell activation are more complex. While some studies have shown cytokineenhancing effects of HDACi (Chen et al. 2001; Kiernan et al. 2003; Mahlknecht et al. 2004; Suuronen et al. 2003) , others have reported suppression of cytokine and nitric oxide production, including in rodent models of trauma, experimental autoimmune encephalomyelitis, ischemic stroke, and Parkinson's disease (Camelo et al. 2005; Kim et al. 2007; Leoni et al. 2005; Peng et al. 2005; Zhang et al. 2008) . Studies of microglia are rare and one such study in murine microglia reported that HDACi increased cytokine and nitric oxide production (Suuronen et al. 2003) .
Despite the current and proposed use of HDACi in clinical settings, their role on human glial cytokine production and innate antiviral protein expression have not been defined. Using a well-established model of primary human glial cell cultures, we investigated the effect of TSA and VA on PICand LPS-induced gene expression. We hypothesized that HDACi will inhibit transcription of the genes involved in innate immune responses that are dependent on IRF3, and we indeed confirm these findings in both microglia and astrocytes. In addition, HDACi also suppressed microglial and astrocytic cytokine and chemokine gene expression, but with different effects on different groups of cytokines. These results have important implications for the clinical use of HDACi.
Materials and methods
Human fetal brain cell culture Human CNS cell cultures were prepared from human fetal abortuses as described (Lee et al. 1992; Suh et al. 2005 ). All tissue collection was approved by the Albert Einstein College of Medicine Institutional Review Board. Primary mixed CNS cultures were prepared by enzymatic and mechanical dissociation of the cerebral tissue followed by filtration through nylon meshes of 230-and 130-μm pore sizes. Single cell suspension was plated at 1-10×10 6 cells/ml in Dulbecco's modified Eagle medium (DMEM; Cellgro) supplemented with 5% fetal calf serum (FCS; Gemini Bio-products, Woodland, CA, USA), penicillin (100 U/ml), streptomycin (100 µg/ml), and fungizone (0.25 µg/ml) (Gibco) for 2 weeks, and then microglial cells were collected by aspiration of the culture medium. Monolayers of microglia were prepared in 60-mm or 100-mm tissue culture dishes at 1×10 6 cells per 10 ml medium or in 96-well tissue culture plates at 10 4 per 0.1 ml medium. Two to four hours later, cultures were washed twice to remove non-adherent cells (neurons and astrocytes). Microglial cultures were highly pure consisting of >98% CD68 + cells. Highly enriched human astrocyte cultures were generated by repeated passage of the mixed CNS cultures, as previously described (Lee et al. 1992; Liu et al. 1996) . Cells were kept as monolayers in culture media that consisted of DMEM with 5% FCS and antibiotics.
Cell treatment with stimulants and inhibitors PIC and LPS were purchased from Sigma (St. Louis, MO, USA) and was diluted in endotoxin-free sterile phosphate-buffered saline and used at 20 μg/ml or 100 ng/ml, respectively. IFN-β was purchased from PBL Biomedical Laboratories (Piscataway, NJ, USA; 1 ng=80 U) and used at 10 ng/ml. TSA, VA, and SB216763 were purchased from Sigma. TSA was diluted in DMSO at 2 mg/ml (stock solution). Further dilutions were made in culture medium containing FCS to final concentrations of 50-500 ng/ml. VA was diluted in sterile H 2 O and used at 1-8 mM final concentrations. SB216763 was diluted in DMSO and used at 10 µM. Microglia or astrocytes were grown to confluence in 6 cm plastic Petri dish for protein or RNA extraction or in 96-well tissue culture plates for ELISA. Cells were pretreated with inhibitors for 1 h and then treated with IFNβ, LPS, or PIC for an addition 6 h (real-time PCR or microarray analysis) or 24 h (Western blot or ELISA).
Western blot analysis Briefly, cell cultures in 60-mm dishes were scraped into lysis buffer (10 mM Tris-HCl [pH 8.8], 50 mM NaCl, 0.5 mM Na 3 VO 4 , 30 mM Na 4 P 2 O 7 , 50 mM NaF, 2 mM EDTA, 1% Triton X-100) at various time points. Thirty to seventy micrograms of protein was separated by 10% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membrane. The blots were blocked in Trisbuffered saline-0.1% Tween-20 containing 5% nonfat milk and then incubated with antibodies at 4°C for 16 h (Suh et al. 2007 ). Primary Antibody, IDO was used at 1:3,000 (gift of Osamu Takikawa) (Suh et al. 2007 ). The secondary antibody was horseradish peroxidase-conjugated anti-mouse or antirabbit IgG and was used at 1:2,000 to 1:10,000 for 1 h at room temperature. Signals were developed using enhanced chemiluminescence (Pierce Biotechnology, Rockford, IL, USA). All blots were reprobed for vinculin (117 kDa) or β-actin using antibodies from Santa Cruz to control for protein loading. Densitometric analysis was performed using Scion NIH Image software (Scion, Frederick, MD, USA).
Real-time PCR Quantitative real-time reverse transcription-PCR (Q-PCR) was performed as previously described Rivieccio et al. 2006; Suh et al. 2007 ), using porphobilinogen deaminase (PBDA) or GAPDH as internal controls. Primer sequences for TLR3, IFN-β, IDO, viperin, IRF3, TNFα, and IP-10 were published previously (Rivieccio et al. 2006; Suh et al. 2007; Suh et al. 2009b) . Briefly, total RNA was extracted from microglia in culture with TRIzol (Invitrogen Life Technologies), following the manufacturer's instructions. PCR was performed using a SYBR green PCR mix and conducted with the ABI Prism 7900HT (Applied Biosystems). All values were expressed as the increase relative to the expression of PBDA. The mean value of the replicates for each sample was calculated and expressed as the cycle threshold (C T ; cycle number at which each PCR reaches a predetermined fluorescence threshold, set within the linear range of all reactions). The amount of gene expression was then calculated as the difference between the C T of the sample for the target gene and the mean C T of that sample for the endogenous control.
ELISA Cell culture supernatants or lysates (for IL-1β only) were harvested and subjected to protein assay using commercial ELISA kits for cytokines and chemokines as previously described (Lee et al. 1992; McManus et al. 2000) . Standard curves were generated with known concentrations of recombinant cytokines and chemokines, and the samples were diluted until the optical reading values fall within the range of the ELISA detection.
Human cDNA 28k microarrays Astrocyte-enriched cultures plated at 2×10 6 cells/100 mm dish were pretreated with 400 ng/ml TSA for 1 h, then with 20 μg/ml PIC for an additional 6 h in DMEM containing 5% FCS. Cell harvest, RNA isolation, and microarrays (obtained from the Albert Einstein College of Medicine cDNA Microarray Facility; http://microarray1k.aecom.yu.edu) were performed as previously described Rivieccio et al. 2005; Rivieccio et al. 2006 ). Approximately 5 μg of total RNA was used for T7 linear amplification. Linear amplification of total RNA and subsequent fluorescent labeling of corresponding cDNA was carried out using the MessageAmp T7 linear amplification kit (Ambion) and cDNA labeling protocols developed at the AECOM Microarray Facility. Hybridization to cDNA arrays was carried out overnight at 50°C in a buffer containing 30% formamide, 3× SSC, 0.75% SDS, and 100 ng of human Cot-1 DNA. Following hybridization, slides were briefly washed with a solution of 1× SSC, 0.1% SDS, then washed for 20 min at room temperature in 0.2× SSC, 0.1% SDS and 20 min at room temperature in 0.1× SSC (without SDS). Independent measurements of Cy5 and Cy3 signal intensity and background were generated for each cDNA element using a Genepix 4000B scanner (Axon Instruments) and Scanalyze software (http://rana.lbl.gov/EisenSoftware.htm). The ratio of the fluorescence intensities of the two dyes represented a measure of differential gene expression between the individual treatments and their corresponding controls. Cutoff values were established as Cy5:Cy3 ratio >1.5 or <0.67 and as net signal intensity more than three times background in one or both channels. All elements not satisfying both criteria were discarded. Controls included reversing the fluorochromes and labeling the same sample using both Cy3 and Cy5.
Statistical analysis Results shown are pooled data from two to four independent experiments using cells from different brain cases. Values (protein levels by ELISA or mRNA levels by Q-PCR) were normalized to those induced by LPS or PIC within the same experiment, and then all values from multiple different experiments were pooled. One-way analysis of variance (ANOVA) with Dunnett's post test was performed to determine which drug treatment conditions significantly modulated the gene expression, using the GraphPad Prism 4.0 software.
Results
Effects of HDACi on microglial cytokine protein production
We examined the role of TSA and VA on LPS-and PICinduced microglial pro-inflammatory and anti-inflammatory cytokine production by ELISA (Fig. 1) . Since VA (in addition to HDACi activity) has been shown to inhibit GSK3 (Dewhurst et al. 2007; Dou et al. 2003; Maggirwar et al. 1999) , we tested a cell-permeable inhibitor of GSK3 (SB216763) in parallel. The inhibitor concentrations (TSA at 400 ng/ml, VA at 4 mM, and SB216763 at 10µM) were chosen based on known IC 50 (Dokmanovic and Marks 2005; Minucci and Pelicci 2006) and previous reports. Microglial cultures were pretreated with the inhibitors for 1 h, and then treated with the TLR ligands for an additional 24 h. ELISA was performed for IL-10, IL-1β, TNFα, and IL-6. Figure 1 shows pooled data from four separate microglial cases for IL-10, IL-1β, and TNFα, and two separate cases for IL-6.
Microglial responses were generally similar regardless whether they were stimulated with LPS (left of the graph) or PIC (right of the graph, all values were normalized to those induced by LPS). The results with the non-selective HDACi TSA showed that it inhibited the production of all four microglial cytokines but with a stronger inhibition of IL-10 than IL-1β, TNFα, or IL-6. Again, the TSA effects on PICinduced cytokines were similar to those on LPS-induced cytokine production. The effects of another non-selective HDACi VA were more variable showing inhibition of IL-10 and TNFα but not IL-1β or IL-6 (Fig. 1) . Finally, the GSK3 inhibitor SB216763 also had more variable effects, ranging from mild inhibition to no change to even an increase (IL-10).
Effects of HDACi on microglial cytokine, chemokine, and antiviral gene expression We next examined the effects of TSA, VA, and SB216763 on microglial cytokine, chemokine, and antiviral gene expression using real-time PCR (Figs. 2 and 3a , b, and c, respectively). Microglial cultures were treated with LPS, PIC, and the inhibitors, as shown in Fig. 1 , and RNA was harvested at 6 h. The results of experiments with LPS stimulation are shown in Fig. 2 and those with PIC are shown in Fig. 3 . Data are pooled from two separate experiments using different microglial cases and represent normalized (LPS or PIC=1) values. Fig. 1 The effect of HDAC inhibitors on cytokine protein production from human microglia: primary human fetal microglial cultures were prepared in triplicates in DMEM 5% FCS with antibiotics, as described. Cells were treated with the inhibitors (TSA 400 ng/ml, VA 4 mM, or SB216763 10 µg/ml) for 1 h, then with the TLR ligands (LPS at 100 ng/ml or PIC at 20 µg/ml) for 24 h and ELISA was performed as described in the "Materials and methods" section. All values (ng/ml) were normalized to LPS-induced amounts (LPS=1) and data from multiple experiments were pooled. Each experiment was derived from different microglial case (n=4 for IL-10, IL-1β, and TNFα, and n=2 for IL-6). Data are mean±SEM, with one-way ANOVA with Dunnett's post test using LPS or PIC as control. *p<0.05, **p<0.01 Fig. 2 The effect of HDAC inhibitors on microglial cytokine, chemokine, and antiviral gene mRNA expression induced by LPS: microglial cultures were treated with the inhibitors for 1 h, then with LPS as described in Fig. 1 legend. Total RNA was harvested 6 h after LPS treatment and Q-PCR was performed for cytokines (a), chemokines (b), and innate immune molecules (c), as described in the "Materials and methods" section using GAPDH as control. The mRNA levels were normalized to the values induced by LPS alone (LPS=1) and data from two different experiments were pooled. Mean±SEM. ANOVA with Dunnett's post test with LPS as control. *p<0.05, **p<0.01 Fig. 3 The effect of HDAC inhibitors on microglial mRNA expression induced by PIC: microglial cultures were treated in an identical manner to that described in Fig. 2 legend, except that PIC, instead of LPS, was used to stimulate microglial gene induction. Q-PCR with RNA harvested 6 h after PIC treatment. Pooled, normalized (PIC=1) data for cytokines (a), chemokines (b), and innate immune molecules (c) from two separate microglial cases. ANOVA with Dunnett's post test: *p<0.05, **p<0.01
Once again, microglial mRNA responses were very similar regardless whether they were stimulated with LPS (Fig. 2) or PIC (Fig. 3 ). Similar to protein production shown in Fig. 1 , TSA inhibited mRNA production for all cytokines measured, but with strong inhibition shown for IL-10, IL-6, IL-1ra, and TNFα mRNA, and smaller (not significant) inhibition for IL-1β mRNA (Figs. 2a and 3a) . VA also inhibited cytokine mRNA production, but less potently than TSA. SB216763 had smaller and variable effects, with the only significant effect being the increase of (LPS-induced) IL-10 mRNA (see "Discussion" section).
Examination of additional microglial chemokine and antiviral genes (Figs. 2b and 3b, and Figs. 2c and 3c, respectively) demonstrated that IP-10, IFNβ, IDO, and viperin mRNA were all strongly inhibited by TSA and VA, whereas SB216763 had much less and insignificant effects. The HDACi suppressed chemokines differentially with a rank order IP-10 > Rantes > IL-8. The responses were again similar between LPS-and PIC-stimulated microglia.
Effects of HDACi on astrocyte inflammatory and antiviral gene expression We next examined the expression of cytokines, chemokines, and IFN-related molecules in astrocytes stimulated with PIC or IFNβ, as human astrocytes do not respond to LPS. Figure 4a and b shows the Q-PCR results of astrocytes pretreated with HDACi for Fig. 4 The effect of HDAC inhibitors on astrocyte inflammatory and innate immune gene expression. Primary human fetal astrocytes were pretreated with TSA at 400 mg/ml or VA at 4 mM for 1 h, and then stimulated with PIC at 20 µg/ml or IFNβ 10 ng/ml for an additional 6 h. Q-PCR was performed as described in Figs. 2 and 3 legend. Data are shown for cytokines and chemokines (a) and molecules involved in TLR3 signaling (b). Pooled, normalized (PIC=1) data from two separate astrocyte cases are shown. Mean±SEM. ANOVA with Dunnett's post test: *p<0.05, **p<0.01. c Western blot analysis of astrocytes for IDO protein expression. Astrocytes were treated with varying concentrations of TSA or VA as indicated for 1 h, then with IFNβ or PIC for 24 h. The numbers are densitometric ratios to vinculin, a protein loading control. The data are representative of two separate experiments with similar results 1 h, then stimulated with PIC or IFNβ for 6 h (n=2, data are normalized to PIC=1, then pooled). Note the small amount of astrocyte TNFα induced by PIC as reported, while the induction of IL-8, IP-10, and Rantes was robust Rivieccio et al. 2005; Rivieccio et al. 2006; Suh et al. 2007 ). Human astrocytes produce little or no IL-1β, IL-1ra, or IL-10 (Liu et al. 1998 ). The effects of HDACi (TSA 400 ng/ml or VA 4 mM) were similar to those observed in microglia in that they inhibited IP-10 the strongest and IL-8 the weakest (IP-10>Rantes>IL-8) . In IFNβ-stimulated astrocytes, IP-10 mRNA alone was induced (as expected) and this was inhibited by HDACi. The protein levels measured by ELISA in astrocyte cultures demonstrated results similar to mRNA (data not shown).
Astrocyte mRNA expression for several molecules involved in TLR3 signaling (the receptor itself, primary response gene IFNβ, and the transcription factors involved in TLR3 signaling, IRF3 and IRF7) were also examined by real-time PCR. As shown in Fig. 4b , IFNβ induced larger amounts of TLR3 and IRF7 than PIC, suggesting that IFNβ was probably the mediator of PIC action. IFNβ did not induce IFNβ. IRF3, the constitutive transcription factor present in all cells, showed a small increase by IFNβ and not by PIC. HDACi suppressed the expression of all with the exception of IRF3.
We next examined astrocyte IDO protein expression by Western blot analysis (Fig. 4c) . PIC was a much more potent inducer of IDO than IFNβ, and TSA and VA dosedependently inhibited IDO induced by either stimulus. For PIC-induced IDO expression, IC 50 was ∼100 ng/ml for TSA and ∼4 mM for VA. The generally stronger inhibition shown for TSA than for VA in our study might be related to the drug concentrations chosen (TSA 400 ng/ml and VA 4 mM). Taken together, these results show that HDACi inhibit astrocyte cytokines, chemokines, and innate antiviral molecule expression.
Microarray analysis of the TSA effect on astrocyte PICinduced genes Because of the potent down-regulatory effect of TSA on gene expression that we observed, we next examined the effect of TSA on astrocyte global gene expression induced by PIC (Table 1) . Highly enriched fetal astrocyte cultures were pretreated with TSA (400 ng/ml) for 1 h, then treated with PIC (20 μg/ml) for an additional 6 h. Microarray analysis was performed using human 28K cDNA microarray chips from the AECOM Microarray Facility (http://microarray1k.aecom.yu.edu/) as described in the "Materials and methods" section. There were ∼2,500 genes upregulated and ∼2,000 genes downregulated by TSA using 2× and 0.5× as cutoffs. Table 1 shows examples of some of the downregulated and upregulated genes by TSA in these cultures. The full array results are provided as Supplemental Data. The results corroborate those obtained by Q-PCR in Fig. 4 . Importantly, the interferon-inducible genes were among the most profoundly downregulated genes (Table 1) .
Discussion
Previous studies in the laboratory have shown that PIC induces a wide array of inflammatory and antiviral genes, as well as upregulation of the receptor TLR3 in human astrocytes and microglia (Rivieccio et al. 2006; Suh et al. 2007; Suh et al. 2009b) . In addition to a broad spectrum of antiviral response genes, PIC also induced an antiviral state in astrocytes and microglia. Among the most highly induced genes in PIC-activated glia were viperin/cig5, a cytomegalovirus-inducible gene that is also known be induced by IFN α/β, as well as indoleamine 2, 3-deoxygenase (IDO), a pleiotropic molecule involved in the induction of immune tolerance. The involvement of these proteins in anti-HIV activity has also been demonstrated, supporting that IDO and viperin are components of the CNS innate immune response.
In this study, we found that HDACi TSA and VA modulate TLR-induced cytokine, chemokine, and antiviral gene expression in human glia. In microglia, analysis of protein and mRNA showed that TSA and VA suppressed the expression of all genes examined. By ELISA, TSA suppressed all four cytokines (IL-10, IL-1α, TNFα, and IL-6), with the anti-inflammatory cytokine IL-10 being the most strongly suppressed. VA, on the other hand, generally produced more modest suppression compared to TSA, with no suppression observed for IL-1β or IL-6. Microglial mRNA analysis showed that, similar to protein, IL-10 mRNA also showed strong suppression by TSA and VA, and this pattern was also shown for IP-10, IFNβ, IDO, and viperin (all genes that we previously determined to be IFNinducible) (Rivieccio et al. 2006; Suh et al. 2007; Suh et al. 2009b ). On the other hand, the expression of other cytokine/chemokine genes was less severely suppressed. This was particularly true for IL-1β and IL-8.
In astrocytes, we find that TSA and VA also suppressed the expression of IFNβ and the molecules involved in TLR signaling (TLR3 and IRF7), as well as IDO and viperin, all IFN-or interferon regulatory factor 3-(IRF3) dependent genes. Microarray analysis remarkably showed that the proteins belonging to the IFN-inducible gene family were globally inhibited and were among the most severely downregulated genes. Among the least inhibited genes were IL-1β, IL-8 as well as GROα, all IFN-independent inflammatory genes. In addition to downregulated genes, ∼2,000 genes were also upregulated by TSA, demonstrating that HDACi were not global inhibitors of transcription.
We noted that in both microglia and astrocytes, VA (4 mM) tended to be less inhibitory than TSA (400 ng/ml), with some exceptions. Several possible explanations exist for this observation. First, although we chose the drug concentrations based on the literature, the IC 50 of the two inhibitors might have been different in glial cells (see Fig. 4c ). Alternatively, the effect of VA might have reflected more than one pharmacological action. For example, VA has been shown to exert GSK3β inhibitory activity, in addition to HDACi. In this regard, it is worthy of note that the GSK3β inhibitor SB216763 did not significantly modulate microglial inflammatory and antiviral gene expression, leaving the possibility that, in VA-treated cells, the anti-GSK3 activity negated the HDACi-induced inhibition. The only significant effect that SB216763 showed was on IL-10, which was enhanced by SB216763, similar to that reported in human monocytes (Martin et al. 2005) . The opposing effects of VA and SB216763 for microglial IL-10 expression make it unlikely that VA functions as a (pure) GSK3β inhibitor in microglia.
In our study, a less-than-perfect correspondence between microglial protein and mRNA expression (Figs. 1, 2, and 3 (Chang et al. 2004; Genin et al. 2003; Nusinzon and Horvath 2003; Sakamoto et al. 2004; Vlasakova et al. 2007 ). Moreover, a study using siRNA for specific HDACs has found that HDAC1 and HDAC8 repress and HDAC6 enhances IFNβ expression and that HDAC6 acts as a coactivator of IRF3-dependent gene transcription (Nusinzon and Horvath 2006) . These studies indicate that HDAC6 is an essential component of the innate antiviral immune response, and that the use of nonselective HDACi could compromise the host innate antiviral immune response by inhibiting HDAC6. These results are not restricted to tissue culture studies, as HDACi have recently been shown to enhance the replication and spread of (oncolytic) viruses in vivo, offering a therapeutic opportunity in this case (Nguyen et al. 2008) .
Second, our results suggest that HDACi could suppress inflammation by suppressing inflammatory cytokine expression from microglia and astrocytes. However, given the differential effects shown for certain cytokines, for example, a much stronger inhibition of IL-10 and IL-1 receptor antagonist vs. IL-1, and IP-10 vs. IL-8, we believe that the results might not be simply a suppression but a change in balance. These results may also reflect the underlying mechanisms of HDACi action, since IL-1 and IL-8 are two genes with no known IFN-stimulated response elements in their promoters. Indeed, our results may indicate that the primary target of HDACi in the TLR3/4 signaling is IRF3, its primary response gene IFNβ, and downstream IFNstimulated genes (ISGs). The strikingly similar effects of HDACi on either LPS-or PIC-activated microglia provide additional support for the notion that the common TLR3/4 signaling components (the TRIF-IRF3-IFNβ axis) might be the target. Additional mechanisms for the differential gene regulation by HDACi may include the induction of activating transcription factor 3 (ATF3). ATF3 is a member of the CREB/ATF family transcription factor induced by TLR3/4 that negatively regulates inflammatory cytokine gene expression (Gilchrist et al. 2006; Whitmore et al. 2007 ). In human glia, ATF3 is induced by TLR3/4 activation and is suppressed by TSA ( (Suh et al. 2009b ); see Table 1 ). This opens the possibility that HDACi-mediated inhibition of ATF3 de-represses inflammatory cytokine gene expression.
These findings hint at complex mechanisms by which HDACi modulate cytokine gene expression.
Our investigation has implications for the potential utility as well as the danger associated with the use of HDACi for treatment of HIV-associated diseases. For example, VA has been promoted as an agent to purge latent HIV reservoir through its HDACi activity (Lehrman et al. 2005) . VA has also been studied extensively for its possible neuroprotective activity against HIV infection. Specifically, VA has been shown to inhibit neuronal apoptosis and tau phosphorylation in in vivo and in vitro experimental models of HIV encephalitis, and the neuroprotection conferred by VA has been attributed to its anti-GSK3β activity (Dewhurst et al. 2007; Dou et al. 2003; Maggirwar et al. 1999; Sui et al. 2006 ). More recently, GSK3β inhibitors including VA and lithium chloride have been promoted as an adjunct therapy for HIV-associated neuropsychiatric conditions (Dewhurst et al. 2007; Schifitto et al. 2006; Schifitto et al. 2009 ). In spite of these data, our study suggests that the role of HDACi and GSK3β inhibitors in glial inflammatory gene expression might be quite different and that in microglia VA might act predominantly as an HDACi rather than a GSK3 inhibitor.
